Fibre-top cantilevers are a new generation of miniaturized devices obtained by carving tiny mechanical beams directly on the cleaved edge of an optical fibre. The light coupled from the other side of the fibre allows measurements of the position of the cantilever with sub-nanometre accuracy. The monolithic structure of the device, the absence of electronic contacts on the sensing head, and the simplicity of the working principle offer unprecedented opportunities for the development of scientific instruments for both standard applications and utilization beyond research laboratories. In this paper we review the results that our group has obtained over the last year in the development of this technology. We describe the working principle and the fabrication procedure, and we present a series of proof-of-concept experiments that demonstrate that fibre-top cantilevers can be used both for atomic force microscopy and for the detection of chemical species.
Introduction
Over the last two decades, micromachined cantilevers have proved to be an incomparable tool for the measurement of surface properties, small forces, and for the selective detection of biological and chemical species [1] [2] [3] [4] . It is thus not surprising that nowadays these simple miniaturized devices are routinely used in a large number of research laboratories belonging to a broad spectrum of scientific areas. In contrast, applications of cantilever-based instruments outside research laboratories are quite limited. One of the main problems that hampered the technology transfer of these devices is the necessity to develop a compact, reliable and easy-to-use readout system that can monitor the position of the cantilever with sub-nanometre accuracy, regardless of the physical and chemical properties of the surroundings. The optical and electronic techniques currently used in research laboratories offer some specific advantages with respect to the others [4] , but none of them seems to fulfil all the specifications listed above. For example, optical readouts require the user to align the optical path with the cantilever, a procedure that can be hardly performed by untrained personnel with no technical skills. Electronic readouts are typically simpler, as they can be easily integrated in plug-and-play devices. However, their performances can be strongly influenced by the physical and chemical properties of the surroundings and are generally inferior with respect to optical readouts.
In a series of recent papers, our group has introduced a new design that may represent a significant step ahead in the development of cantilever-based devices for utilization beyond research laboratories: the fibre-top cantilever [5] [6] [7] [8] [9] [10] . The device is obtained by carving a thin rectangular beam out of the cleaved edge of a single mode optical fibre. Vertical deflections of the beam are measured using standard optical fibre interferometry [11] . The monolithic structure of the design eliminates any alignment procedure, and adapts well to
125 µm Figure 1 . Focused ion beam micrographs depicting the main steps of the carving processes followed to machine a fibre-top cantilever: (a)-(c) fabrication of the initial double-clamped rod; (d) thinning of the rod; (e) fabrication of the pyramidal tip for scanning probe microscopy; (f ) removal of the anchor post of the rod under the tip.
utilization outside research laboratories, even in the presence of harsh external conditions. In this paper we will review the results that our group has obtained so far. After a short description of the fabrication procedure and of the readout apparatus, we will demonstrate that fibre-top cantilevers can be successfully used both for atomic force microscopy and for the detection of chemical species, with performances that are comparable to those offered by conventional cantilever-based instruments.
Fabrication procedure
A single mode optical fibre (Corning SMF-28, cladding diameter = 125 µm, core diameter = 9 µm), stripped of its jacket, cleaved, and coated with a thin metallic layer (5 nm of chromium and 20 nm of palladium), is mounted inside a focused ion beam (FIB) milling machine, where it is processed following the scheme reported in figure 1 [5, 6] . The edge of the fibre is carved in the form of a double-clamped rectangular rod lying along one of the diameters of the cleaved surface (figures 1(a)-(c)). The rod is then thinned down from above to match the mechanical performances needed for the application of interest ( figure 1(d) ). For scanning probe microscopy (or other utilizations that might require it), it is also possible to equip the rod with a sharp pyramidal tip (figure 1(e)). As a final step, the beam is freed by removing one of the two posts that anchor the rod to the fibre ( figure 1(f ) ). To increase the optical reflectivity of the cantilever, the fibre is vertically mounted inside a deposition system, where it is covered with a sputtered adhesion layer of chromium or titanium (from 5 to 10 nm thick) followed by a thicker thermally evaporated film of metal. Note that during the evaporation of the latter, the cantilever acts as a shadow mask that covers the central part of the fibre, preventing the metal from accumulating on the core at the fibre-to-air interface (see zoomed areas in figure 2 ).
Readout apparatus
In order to detect changes in the vertical position of the cantilever, an infrared laser (λ = 1.31 µm wavelength) is Figure 2 . Sketch of the readout apparatus. The zoomed areas (which represent a not-to-scale frontal view and cross section of the fibre-top cantilever) provides a schematic drawing of the structure of the device. 'i' represents the incident light, 'r1' represents the light reflected at the fibre-to-air edge, and 'r2' represents the sum of the light reflected by the bottom side of the cantilever plus that reflected by its upper part, while 'f-a', 'a-c', and 'c-m' indicate the fibre-to-air, air-to-cantilever and cantilever-to-metal interfaces, respectively.
coupled to the fibre via an optical fibre coupler (see figure 2 ). The light that impinges on the micromachined edge of the fibre is reflected at three points (see zoom-in of figure 2): at the fibre-to-air interface, the air-to-cantilever interface and the cantilever-to-metal interface. These three signals propagate back into the fibre and into the optical fibre coupler, where they are redirected towards another optical fibre aligned with a photodiode. Due to the interference between the three reflected light beams, the output signal of the photodiode is given by [5, 11 ]
where W 0 is the average value between the maximum and the minimum of interference, V is the fringe visibility, d is the distance between the edge of the fibre and the air-to-cantilever interface 4 , and φ is a constant that depends on the geometry of the device. One can immediately recognize that, after proper calibration of the interferometer, the vertical position of the cantilever can be directly obtained from the output signal of the photodiode. [5, 6] To demonstrate the feasibility of the working principle, the free end of a tipless silver coated fibre-top cantilever (thickness 3.7 µm, width 14 µm, length 112 µm) was brought into contact with a sharp metallic tip, which was then moved back and forth along the direction of the fibre. In inset (a) of figure 3, we report the output signal of the readout apparatus observed during the experiment. It is clear that one can distinguish the contact point (first spike at t 0.8 s), the movement of the cantilever towards the edge of the fibre (oscillations after the first spike), and similar movements during the retraction of the tip (second spike at t 1.5 s and oscillations before it). This experiment demonstrates that fibre-top cantilevers can be used as optomechanical transducers.
Proof-of-concept experiments

Demonstration of the working principle
The same fibre-top cantilever was then slowly heated up from room temperature to 270
• C. In inset (b) of figure 3 we show the output signal of the readout apparatus as a function of temperature. It is evident that during the heating process, we could detect the bending of the cantilever in response to the different thermal expansions of the metallic layers and the glass (bimorph effect). For a better readability of the data, in figure 3 we report the actual displacements of the cantilever after they were analysed by means of equation (1) assuming
where W max and W min were evaluated, respectively, as the maximum and minimum signal registered during the measurement (see inset (b) of figure 3) . The results are a clear proof of the feasibility of the working principle underlying fibre-top devices. [7] Twenty years ago, Binnig, Quate and Gerber introduced what can be considered as one of the most successful scientific tools based on microtechnology: the atomic force microscope (AFM) [1] .
fibre-top atomic force microscope
Since then, an ever growing number of scientists have been using this instrument in a wide variety of research areas, including fundamental physics, nanotechnology, chemistry, biology, soft condensed matter, pharmacology, dental medicine, etc (see [2, 3, 7] and references therein). This trend has encouraged the development of novel readout techniques that could simplify AFM imaging [12] . The implementation of a fibre-top AFM might provide all users with a new compact and user-friendly device adaptable for utilization in standard experiments and in less conventional applications, such as surgical operations [13] or space missions [14, 15] . As a first step in this direction, we have assembled an experimental set-up to test fibre-top cantilevers for contact-mode scanning probe imaging purposes.
In figure 4 we report a schematic view of the experimental apparatus. A fibre-top cantilever (thickness 3.9 µm, width 15 µm, length 110 µm), equipped with a pyramidal tip and coated with 5 nm chromium layer (deposited by sputtering) and a 100 nm silver film (deposited by thermal evaporation), was mounted on a fibre holder that could be rotated around the axis of the fibre (x-axis of figure 4). The rotator was anchored to a triaxial translational stage, whose movements could be controlled in all directions by means of three manually operated differential manipulators (for coarse adjustment of the position of the fibre) and three piezoelectric stacks (for finer operations). In front of the fibre-top cantilever a commercial calibration grating (NT-MDT TGZ01, 23 nm height, 3 µm pitch) was fixed to an aluminium holder as indicated in figure 4 . Note that the grating was put at a slight angle with respect to the cantilever. The importance of this detail will become clear later in the text.
To calibrate the readout system, we rotated the fibre until the cantilever was orthogonal with respect to the ridges of the grating (see zoom-in of figure 4). Then, using the differential adjusters, we reduced the distance between the tip of the cantilever and the grating down to a separation of less than 1 µm. Finally, moving the piezoelectric device that controlled the position of the stage along the direction of the fibre (x-axis of figure 4), we brought the tip in contact with the grating, and pushed the cantilever inward for a few hundreds of nm. In figure 5 we report the signal of the readout apparatus V OUT as a function of the extension of the piezoelectric device δ piezo as observed during this last approach-to-contact procedure. The value of δ piezo was calculated from the value of the voltage applied to the piezoelectric device, using the specifications provided by the manufacturer. The curve shows that the cantilever entered into contact with the grating at δ piezo 0.8 µm. Before that point, in fact, the trace is flat because the tip was not touching the grating yet. After contact, the graph resembles the shape of a sinusoidal curve, in accordance with equation (1); for δ 0.8 µm, it decreases linearly with δ piezo , revealing that, for small deflections of the cantilever, the interference signal was close to quadrature [11] . We can thus assume that, for deflections smaller than 100 nm, V OUT is proportional to the deflection of the cantilever δ: V OUT = αδ, where α can be calculated by fitting the data collected during this calibration process as indicated in figure 5 . After completing the calibration procedure, we brought the tip to a separation close to the contact point. We then moved the piezoelectric device that controlled the direction orthogonal to the ridges of the grating (y-axis of figure 4) alternating right-to-left with left-to-right linear motions, as in the usual trace and retrace scans of conventional atomic force microscopes. Figure 6 shows the output of the readout apparatus observed while scanning. Because the cantilever and the grating were not parallel, the tip of the cantilever moved repetitively in and out of contact during the scan, with the contact point at δ 1.5 µm. After contact, the curve follows a tilted square wave shape. This is associated with the shape of the grating: it clearly demonstrates that it is indeed possible to obtain contact mode profiles of the grating by means of fibre-top atomic force microscopy. Note that, since the cantilever was not parallel to the grating, we can use the out-of-contact part of the signal to rule out possible spurious effects or wrong interpretations of the data. One could argue, for instance, that the square wave signal is not due to the contact with the grating, but to the interference between the light reflected at the fibre-to-air edge and the light that, after passing somehow the cantilever, was reflected by the grating.
In that case, however, we would have observed a square wave signal also before contact. In the inset of figure 6 we report the profile of one of the wells of the grating as obtained from the elaboration of the data reported in the main figure [7] . The depth and the width of the well are equal to 22.5 nm and 1.1 µm, respectively, in perfect agreement with the specifications of the manufacturer. As far as the noise is concerned, we measured that the standard deviation of the output signal acquired on a digital oscilloscope over a 0.2 ms time span with a 30 kHz bandwidth just before contact corresponded to δ min 80 pm. 5 We conclude that (mechanically isolated) fibre-top cantilevers can achieve sensitivities that are comparable to those of similar commercially available instruments. [8] Another field of applications where fibre-top cantilevers could be successfully used is chemical detection and biochemical recognition.
Fibre-top hydrogen sensors
It is known that very sensitive chemical and biological sensors can be readily obtained by coating conventional cantilevers with a proper receptor that, upon contact with the substance that must be detected, gives rise to a mechanical stress on the cantilever itself [4] . For example, it has been shown that the expansion of palladium layers during hydrogen absorption can be exploited to develop cantilever-based hydrogen sensors that can detect hydrogen concentrations as low as 0.1% [16] . Stimulated by this consideration, we have performed a proof-of-concept experiment to show that fibre-top cantilevers are a competitive alternative to conventional cantilever-based instruments for Output signal of the readout apparatus observed when a palladium-coated fibre-top cantilever was exposed first to a hydrogen-argon atmosphere and then to an oxygen-argon atmosphere.
chemical recognition purposes [8] . To achieve this goal, we have developed a first prototype of a fibre-top hydrogen sensor.
A tipless fibre-top cantilever (thickness 1.3 µm, width 3.7 10 µm, length 105 µm) was coated with a 10 nm chromium layer (deposited by sputtering) followed by a 150 nm palladium film (deposited by thermal evaporation). The device was mounted inside a 10 cm 3 measuring chamber, which could be filled with argon, hydrogen, oxygen, or any mixture of these three gases. The chamber was initially rinsed with a gentle stream of argon, and then flushed first with a hydrogen-argon mixture (5% hydrogen, 250 ml min −1 flow, 10.5 min exposure) and afterwards with an oxygenargon mixture (20% oxygen, 250 ml min −1 flow, 10.5 min exposure). The procedure was repeated twice. The output signal of the readout apparatus recorded during the second cycle is reported, as a function of time t, in figure 7. 6 The oscillations observed during the first half of the cycle (from t = 0 s to t 240 s) are the result of the bending of the cantilever produced by the expansion of the palladium layer during hydrogenation. At t 240 s, the trace suddenly changes its shape. We believe that this behaviour is due to the fact that the cantilever is bent so much that it entered into contact with the underlying edge of the fibre. The oscillations observed during the second half of the cycle (t > 630 s) correspond to the de-hydrogenation process. In the presence of oxygen, hydrogen exited the palladium layer, releasing the stress on the cantilever. The cantilever thus bent back towards its original position. Once again, for a better readability of the graph, data from t = 0 s to t = 235 s and from t = 865 s to t = 990 s were converted to actual deflection of the cantilever using the same procedure described in section 4.1. The results are shown in figure 8 . It is notable that the curve presents some dimple-like structures at a few points (e.g., at t 120 s). We attribute this behaviour to slight rotation of the cantilever induced by a non-homogeneous loading of the palladium layer.
The cantilever was put through other similar loading and unloading cycles. The performance of the device was soon compromised by delamination of the palladium layer [8] . This problem can probably be solved by a more accurate choice of 6 Unfortunately, data of the first cycle were not stored. Figure 8 . Elaboration of the data shown in figure 7 after the signal of the readout apparatus was converted to actual deflection of the cantilever following the procedure described in the text. the coating composition, thickness and deposition procedure [16] .
Rigorous investigations of the sensitivity of this prototype are beyond the purposes of this work, whose aim was only to demonstrate that fibre-top cantilevers, coated with a proper receptor, can be used to detect chemical and biological species as can conventional cantilevers. In the previous section, we have demonstrated that the sensitivity in the vertical displacement of a fibre-top cantilever is comparable to that achievable with common readout techniques. In this section, we have demonstrated that the mechanical principle that underlies conventional cantilever-based chemical and biological sensors can be successfully applied to fibretop devices. Our experiments thus indicate that fibre-top cantilevers might represent an interesting alternative to existing technologies for the development of miniaturized user-friendly instruments for chemical detection and biological recognition purposes.
